The vacuum UV photoabsorption spectrum of CH 3 I has been investigated between 5 eV and 20 eV. Numerous vibronic transitions are observed. In the high 10-20 eV photon energy range weak to very weak diffuse bands are observed and ascribed to electronic transitions from 3a 1 , 1e and 2a 1 to Rydberg orbitals. In the 6-10.5 eV photon energy range more than 200 sharp and strong to weak lines have been observed. Several photon energy ranges were explored under high resolution conditions allowing us to observe many series up to high values of the principal quantum number n. They are assigned to vibrationless Rydberg transitions and classified into two groups converging to the two components of the spinorbit splitX 2 E state of CH 3 I + . These two groups consist of six different Rydberg series, i.e., nsa 1 , npa 1 , npe, nda 1 , nde and nf. A very close correlation has been established between the term values of the Rydberg states in CH 3 I and in Xe for ns, np, nd and nf Rydberg transitions. For the first time, the same measurements have been performed and the interpretation has been proposed for the photoabsorption spectrum of CH 2 DI and CD 3 I in the 6-10.5 eV photon energy range. For these two species, ionization energies are deduced: for theX 2 E 3/2 andX 2 E 1/2 states of CH 2 DI, these are IE ad = 9.544 eV and IE ad = 10.168 eV, respectively, and the corresponding energies are 9.552 eV and 10.173 eV in CD 3 I.
Introduction
Iodine is a minor constituent in the Earth's atmosphere but its ozone depleting efficiency is estimated to be about 300 to 1000-fold larger than that of chlorine [1] . Its major sources are volatile organic iodides, mainly CH 3 I. The highest concentrations are observed at the marine boundary layer and mostly assigned to biogenic processes [1, 2] . Anthropogenic contributions are negligible [2] . Iodine atoms are released essentially by photolysis initiating various reactions in both the troposphere and the stratosphere [1, 2] . It has been suggested [2] that the coupling of a low natural abundance of iodine with increasing bromine and chlorine levels has contributed to the trend towards ozone loss in the higher troposphere and lower stratosphere [1] .
The permanent nature of methyl iodide as a polluting agent and the associated production mechanisms of iodine are strong incentives for the investigation of its photophysics.
Several photoabsorption studies of CH 3 I have been reported in the literature. The first vacuum UV photoabsorption spectrum of CH 3 I was photographed by Price [3] in the wavelength region of 201-121.5 nm (6.17-10.20 eV) using a grazing incidence spectrograph and the Lymann continuum as an excitation source. In the 140-121.5 nm region this author classified the observed bands into six Rydberg series with quantum defects of 0.75, 0.50, 1.0, 0.75, 0.55 and 0.95, respectively. These converge to the two first ionization limits identified at 76 930 cm À1 and 81 990 cm À1 .
The first absolute photoabsorption spectrum of CH 3 I was reported by Boschi and Salahub [4] who recorded the spectra of several iodoalkanes between 30 000 cm À1 and 90 000 cm À1 with a 1 m normal incidence (NIM) spectrophotometer with a double beam setup. A rough analysis of the Rydberg series is presented and a correlation between the term values measured in CH 3 I and Xe is established for the first time. The emphasis is also put on the comparison between the vibrational structure in the first members of the ns Rydberg series and in the first band of the photoelectron spectrum of CH 3 I.
Hochmann et al. [5] and Felps et al. [6] studied the Rydberg transitions in the methyl halides CH 3 Cl, CH 3 Br and CH 3 I. In the former work, the authors analyzed the spectra on the basis of a linear correlation between the energy of the Rydberg transitions and the ionization energies. In the latter publication the authors restricted their study to the lowest s-type Rydberg transition in both the hydrogenated and perdeuterated methyl halides and presented 0301 vibrational assignments. In a later work Felps et al. [7] reported the electronic spectra of the methyl and cyanogen halides without any detailed analysis of the methyl halides.
Wang et al. [8] reexamined the V-UV spectra of CH 3 I and HI. The Rydberg series in these molecular systems are shown to exhibit quantum defect analogies to the corresponding series in Xe. This method is applied to the ns and nd series converging to both the ionization limits Baig et al. [9] and Dagata et al. [10] were the first to report on high resolution V-UV photoabsorption spectroscopy of CH 3 I using a 3 m-NIM spectrograph equipped with a 5000 l/mm Al-MgF 2 grating. Synchrotron radiation is used as excitation source. The O, N, and C emissions obtained by a hollow cathode discharge in air are used for calibration. Strong quantum defect analogies between Xe and CH 3 I are demonstrated even for high quantum numbers. These were confirmed by a multichannel quantum defect (MQDT) theoretic analysis of the data. A new d-series converging to the first ionization limit is assigned.
Most recently, Eden et al. [11] investigated the V-UV spectra of CH 3 I and CH 3 Cl using synchrotron radiation. These authors measured the photoabsorption cross section between 3 eV and 10.8 eV photon energy. A Rydberg series and a vibrational structure analysis are reported.
For the purpose of environmental chemical investigations, Fahr et al. [12] published results on the temperature dependence of the V-UV absorption spectrum cross section of CH 3 I in both the gas and the liquid phase. With increasing temperature the high energy (120-210 nm) photoabsorption cross section increases whereas the 210-270 nm absorption cross section decreases.
The most recent good resolved (0.05 eV FWHM) electron energy loss spectroscopic (e, e) measurements on CH 3 I were reported by Olney et al. [13] between 4 eV and 25 eV. They also derived the oscillator strength (related to the cross section and the extinction coefficient) for absorption of CH 3 I between 4.5 eV and 488 eV at low resolution (1 eV FWHM).
During the last decade our laboratory paid a lot of attention to the V-UV spectroscopy, the photoelectron spectroscopy [Threshold (TPES), Constant Ion State (CIS) and He-I] and the mass spectrometric photoionization of the monohalogenated derivatives of methane, i.e., CH 3 F [14] [15] [16] [17] , CH 3 Cl [18] [19] [20] , and recently CH 3 Br [21] [22] [23] .
In the present contribution we report on the medium and high resolution photoabsorption spectrum of CH 3 I measured in the 6-25 eV photon energy range using synchrotron radiation. To the best of our knowledge, the photoabsorption spectra of CD 3 I and CH 2 DI as observed between 6 eV and 12 eV photon energy is reported for the first time. The present paper focuses on the detailed investigation of the vibrationless Rydberg transitions in CH 3 I, CD 3 I and CH 2 DI. The vibrational structure will be examined in a forthcoming publication [24] .
Experimental

Experimental setup
The experimental setup used in this work has already been described in detail elsewhere [25] . Only the most salient features will be reported here. Furthermore, two monochromators, as recently commissioned at the BESSY II synchrotron radiation facility, have been used.
In a first series of experiments, synchrotron radiation available from the BESSY I facility (Berlin, Germany) was dispersed with a modified vacuum UV normal incidence 225 McPherson monochromator with a focal length of 1.5 m, instead of 1 m in the commercial version (1 m-NIM-2 beamline). A laminar Zeiss grating is used for the efficient reduction of the 2nd spectral order. It is goldcoated with 1200 '/mm and its transmission breaks down above 26 eV (210 000 cm À1 or 47 nm). The width of the entrance and exit slits of 100 lm ensures a 0.1 nm wavelength resolution corresponding to a resolving power of about 1200 at 10 eV. This monochromator is used for the recording of absolute photoabsorption spectra in the 5-25 eV and 5-11.5 eV photon energy ranges. The 3 m-NIM-2 beamline at the BESSY II facility (Berlin, Germany) has been described by Reichardt et al. [26] . This 3 m-NIM monochromator is positioned at a bending magnet front end. It is equipped with two spherical gratings, i.e., an Al/MgF 2 -grating of 600 '/mm and a Pt-grating of 2400 '/mm allowing us to cover the 5-55 eV photon energy range. The latter grating has its optimal transmission between 10 eV and 40 eV (124-31 nm). The entrance and exit slits were adjusted between 25 and 40 lm leading to a resolving power of 25 000-13 000 at 10 eV (124 nm) photon energy. This monochromator was used for recording high resolution spectra, covering 50-500 meV photon energy ranges. Most of the spectra discussed in the present work were measured with 30 lm entrance and exit slits and using the 2400 '/mm Pt-grating.
Recently, a 10 m-NIM monochromator has been started up at BESSY II [27] . It is positioned at the UE-125 undulator front end. Combined movement of the monochromator and the undulator gap is required for scanning the wavelength of the light source. This monochromator is equipped with two gratings: a gold-coated 300 l/mm grating and a 1200 '/mm Pt-grating. The entrance (S 1 ) and exit (S 2 ) slits were adjusted between 5 lm and 25 lm. In optimal operating conditions a resolving power of 125 000 is expected and 114 000 is obtained at hm % 20 eV [27] , the monochromator being optimized for photon energies hm P 15 eV. However, at lower energy, i.e., hm 6 10 eV, the transmitted intensity becomes low. The effective resolution power also drops and is estimated to be in the order of 40 000 in the present operating conditions, i.e., at hm 6 10 eV and with S 1 = 20 lm and S 2 = 5 lm using the 1200 '/ mm Pt-grating. For photon energies hm % 6 eV the signal/noise ratio becomes very low and the undulator gap is at its upper limit. This feature prevents us from measuring in the 6-8 eV photon energy range.
In all above described setups, at the exit slit of the monochromator the light has to travel through a 1 mm thick stainless steel microchannel plate necessary to maintain a differential pressure of 1:1000 before entering a 30 cm long stainless steel absorption cell. Most spectra are recorded without filter on the light path. However, in some cases a LiF filter (cutoff at 11.8 eV or 95 000 cm À1 or 105 nm) is used, which can be inserted in the light beam without vacuum breakdown. The vapor pressure in the cell is measured by a Balzers capacitor manometer. The light is detected by a sodium salicylate sensitized photomultiplier located at the end of the absorption cell and in front of the absorption cell entrance slit. Output pulses are recorded by a 100 MHz counter. The recording of an absorption spectrum requires one scan with gas in the absorption cell and one with the empty cell. The stability of the synchrotron radiation and of the pressure in the cell ensured reliable absorption data. If required, the spectra presented in the following sections are corrected for any pressure drift. The sample pressure has been maintained at 15-25lbar to avoid saturation. This was tested by observing the presence of fine structure in the first two strongest absorption bands. The commercially available CH 3 I, purchased from Aldrich and of 99.5% purity, was used without further purification. The CD 3 I and CH 2 DI, purchased from Aldrich are certified at 99.5 and 98 at.% purity, respectively. No noticeable impurity was observed by mass spectrometry at 21.2 eV photon energy. Therefore, the samples were used without further purification.
Data handling and error estimation
As will be discussed in the next section, in the high photon energy part of the absorption spectrum weak and diffuse structures are superimposed on a strong continuum. To make the identification of these features easier, a continuum subtraction procedure has been applied. This has already been used successfully in previous spectral analysis [17, 28] . For this purpose, the experimental curve is severely smoothed to simulate the underlying continuum which is then subtracted from the original photoabsorption spectrum. The smoothing procedure consists in filtering the experimental curve by fast Fourier transform (FFT). The weak features emerge from a remaining strongly attenuated background. The resulting diagram will be called D-plot in the forthcoming sections.
The wavelength calibration of the 1.5 m-NIM monochromator has been performed by using the Ar absorption spectrum between the 2 P 3/2 and the 2 P 1/2 ionic states. The accuracy of this calibration is better than 2 meV. In the measurements between 6 eV and 25 eV photon energy, the photoabsorption spectrum has been recorded with an energy interval of about 10 meV. The error on the energy position of a feature is estimated to be 15 meV. In the photoabsorption spectra between 6 eV and 11 eV, an energy increment of 1.5 meV has been adopted. The error on the energy position of a feature is estimated to be of the order of 2 meV. This evaluation is confirmed by the reproducibility of energy positions measured in different spectra recordings over several years. For high resolution spectra recorded with the 3 m-NIM monochromator 50-200 meV photon energy ranges were scanned with 50-200 leV energy steps. The positioning of the zeroth order wavelength is used for calibration. The accuracy is estimated to be of the order of 1 meV.
For the 10 m-NIM monochromator the wavelength scale calibration occurred by using the zeroth order positioning. The accuracy is of the order of 0.002 nm [27] . The monochromator has to be scanned on the wavelength scale owing to the combined computer-controlled motion of the grating and of the undulator. For the wavelength-to-energy scale conversion the relation hcx/ k = 1239.842 eV/nm [29] is used.
In the following sections the comparison between previously published spectra and the data obtained in the present work is presented. However, the numerical data related to the features observed in the literature spectra are often missing. To obtain the numerical energy positions, we scanned and digitized the published spectra by software. This procedure has been applied to the spectra published by Baig and co-workers [10] and Olney et al. [13] .
Experimental results
The CH 3 I photoabsorption spectrum
The photoabsorption spectrum of CH 3 I has been measured in the 5-25 eV photon energy range. The plot of the molecular extinction coefficient (e hm ) as a function of the photon energy between 5 eV and 20 eV is displayed in Fig. 1a (with energy steps of 10 meV). The 10-20 eV photon energy range shows a few broad and weak peaks. To characterize these features the subtraction procedure (see Section 2.2) has been applied. The result is shown in Fig. 1b .
Owing to the data point scattering, a FFT-smoothed curve is drawn through the data points to help the visualization of the structures. The successive ionization energy limits are inserted in this figure. The energy position of the photoabsorption features and the proposed assignments are listed in Table 1 together with the earlier measurements of Olney et al. [13] .
The rich spectral structure between 5 eV and 11 eV has been explored with the 1.5 m-NIM monochromator using 1.5 meV energy increments. An overview of the photoabsorption spectrum is shown in Fig. 2 . Part of the assignments of the main features to Rydberg transitions are inserted in this figure. The convergence limits used in the Rydberg series analysis are ionization energies determined by using Rydberg series analysis [9] and by high resolution He-I photoelectron spectroscopy [30, 31] . Fig. 3 displays the photoabsorption spectrum of CH 3 I on extended energy scales in five different photon energy ranges as measured with the 3 m-NIM or 10 m-NIM monochromator. Assignments of the abundant fine structure are included. The numerical data related to all these features are listed in Table 2 along with the most important previous data [5, 9, 11] available from the literature.
The CD 3 I photoabsorption spectrum
The absolute photoabsorption spectrum of CD 3 I, as observed in the 5-11 eV energy range with the 1.5 m-NIM monochromator is shown in Fig. 4 . As long as not too crowded, the assignment of the main features are also included in the figure. The convergence limits drawn in Fig. 4 are the ionization energies determined in an ongoing photoelectron spectroscopic work [31] . The numerical data corresponding to these features are listed in Table 3 .
The CH 2 DI photoabsorption spectrum
The molecular extinction coefficient (e hv ) of CH 2 DI as a function of the photon energy between 5.5 eV and 10.5 eV as measured with the 3 m-NIM monochromator (in medium resolution conditions) is drawn in Fig. 6 . Assignments of the most intense structures are inserted in this figure. The convergence limits adopted in this work are the ionization energies of CH 2 DI measured in a photoelectron spectroscopic work in progress [31] . Table 4 .
Discussion of the experimental data
The molecular orbital configuration of CH 3 where the first atomic-like orbitals correspond to the inner-shell orbitals localized on the iodine and carbon atoms. The group of the 1a 1 and 2a 1 orbitals are classified as inner-valence shell orbitals whereas the 1e, 3a 1 , and 2e orbitals have outer-valence shell character.
The most accurate and well-resolved He-I photoelectron spectrum [30] provided adiabatic ionization energies at 9.540 ± 0.004 eV, 11.949 ± 0.007 eV and 13.9 eV. They correspond to the ionization of the 2e, 3a 1 
The Rydberg series analysis
The photoabsorption spectrum displayed in Fig. 1a clearly shows two very distinct parts: (i) the low energy part spread over the 5-10 eV photon energy range is very richly structured and (ii) the high energy portion spread over the 10-20 eV photon energy range shows weak or very weak broad bands. These structures could be considerably enhanced by the subtraction procedure as displayed in Fig. 1b . To assign these features, their energy positions E Ryd were fitted to the Rydberg formula (1) where the Rydberg constant is given by R = 13.60569 eV [29] , d is the quantum defect, n * is the effective quantum number and IE is the convergence limit of the considered Rydberg series, i.e., the associated ionization energy. The lowest value of the principal quantum number n is conventionally taken to be n = 6 for ns-and np-, n = 5 for nd-and n = 4 for nf-type Rydberg orbitals.
A more accurate formula has been used in earlier works [18, 21] taking into account exchange interactions and spin-orbit coupling. Three effects play indeed a role for 2e ? nl Rydberg transitions: (i) spin orbit coupling, (ii) exchange interactions and (ii) Jahn-Teller distortion. The latter effect has been shown to be small, leading to a stabilization energy of only 17 meV, as will be discussed in a forthcoming paper [24] . In CH 3 I, exchange interactions are small compared to the spin-orbit splitting so that the lowest Rydberg members can already be described by Hund's case (c). The simple Rydberg formula can than be applied to the series converging to, respectively, the 2 E 3/2 and 2 E 1/2 of CH 3 I + .
The high energy region (10-20 eV)
The energy positions of the structures observed in this photon energy range are listed in Table 1 together with the data from Ref. [13] evaluated as described in Section 2.2. A reasonable agreement is found between the results of both experiments. However, Olney et al. [13] did not suggest any interpretation. Assignments and convergence limits are proposed in Table 1 .
The first and most intense peak in Fig. 1b is located at 11.00 eV. This feature spreads over the energy range 10.5-11.5 eV. A 3a 1 ? 7s transition is the most likely assignment. Using formula (1) an effective quantum number n * = 3.03 is derived. It is noteworthy that the full-width of this structure is about 1 eV, very similar to the width of theÃ 2 A 1 ionic state (convergence limit) of CH 3 I + as observed in the He-I photoelectron spectrum by Karlsson et al. [30] . The next three features at 11.68 eV, 12.69 eV and 13.78 eV converge to the 1e À1 ionization limit. The corresponding 2 E ionic state is Jahn-Teller split with a much larger stabilization energy than for the ground state [35] . The lowest energy structure at 11.68 eV could only be assigned to a 1e ? ( 2 E 3/2 )6s transition characterized by n * = 2.12. The two following features, respectively, at 12.69 eV and 13.78 eV could be considered as generated by 1e ? ( 2 E 3/2 )6p and 1e ? ( 2 E 3/2 )6d transitions. Effective quantum numbers The assignments proposed in this work are included in this figure. Fig. 1b is fairly flat oscillating about zero. When significant, very weak structures could be mentioned at about 15.8 eV and 18.4 eV. A similar feature is found in the dipole (e, e) spectrum of CH 3 I at 16.4 eV [13] . Inserting E Ryd = 15.8 eV in Eq. (1) and using n * (ns) = 2.03, one obtains IE = 19.2 eV (dotted lines in Fig. 1b) . A 2a 1 ? ns transition could thus be involved. The He-II photoelectron spectrum [34] shows a band peaking at about 19.5 eV. The TPES [35] of CH 3 I shows a very weak (about 0.8% of theX 2 E 3/2 (v = 0) intensity) complex structure with several ''bands" spread between 18.6 eV and 23.0 eV. This could correspond to a manifold of single and doubly excited ionic states.
The present observations and our attempts for their interpretation are summarized in Fig. 8. 4.3. The low energy region (6-10.5 eV): analysis using the Rydberg formula [1] 4.3.1. The methyl-h 3 iodide vacuum UV spectrum
The numerous vibrationless Rydberg transitions observed in the photoabsorption spectrum of CH 3 I between 5 eV and 11 eV are identified in Figs. 2 and 3 . The energy positions and their assignments are listed in Table 2 . These transition energies are classified according to the nature of the involved Rydberg orbital which is based on the value of the effective quantum number n * . For clarity this classification is subdivided further according to the convergence limits 2 E 3/2 and 2 E 1/2 designated, respectively, by part (a) and part (b) in Table 2 . Energy levels corresponding to several possible assignments are listed in square brackets. Three previous data sets [5, 9, 11] are included in Table 2 for comparison. When assignments are proposed [5, 11] these are included. For large discrepancies in the assignments between the present work and Refs. [5] and/or [11] the energy levels involved are mentioned in brackets. The data sets from Ref. [9] are obtained by the procedure described in Section 2.2.
The estimated error on the earlier measurements was not specified by the authors. In the present work, the data being obtained with three monochromators characterized by very different resolution, at low energy (1.5 m-NIM), an error of 2-3 meV (16-24 cm À1 )
is estimated, whereas for hm P 9 eV (72 000 cm À1 ) (3 m-NIM or 10 m-NIM) an error of 1 meV (8 cm
À1
) or better is expected. Therefore, in this photon energy range the energy levels are mentioned at the 100 leV level.
The best agreement is observed between the present measurements and the data of Price [3] . For the two series reported by this author an average deviation of (20 ± 14) cm À1 and (À7 ± 23) cm is calculated. Comparing with the data published by Hochmann et al. [5] deviations are generally of the order of (À20 ± 60) cm
probably lying in the overlapping error limits. However, a few deviations of À100 to À180 cm À1 have to be mentioned. In these cases the discrepancy could be attributed to assignment differences.
For the assignments deduced in the present work and listed in Table 2 , adiabatic ionization energies (IE ad ) values of CH 3 I are needed. Several accurate values are proposed in the literature, i.e., IE ad (X 2 E 3/2 ) = 9.540 ± 0.004 eV and IE ad (X 2 E 1/2 ) = 10.168 ± 0.004 eV are measured by He-I photoelectron spectroscopy [30] . By Rydberg series extrapolation 76 930 cm À1 and 81 990 cm
are obtained by Price [3] , or 9.538 ± 0.002 eV and 10.165 ± 0.002 eV using the IUPAC recommended eV/cm À1 conversion factor [29] . The author himself [3] reported the energies of 9.490 ± 0.002 eV and 10.115 ± 0.002 eV. By the same method Baig et al. in this work, as we need ionization energy data for the deuterated species CD 3 I and CH 2 DI, we will adopt the latter photoelectron spectroscopic data obtained in our laboratory for self-consistency. The two lowest energy photoabsorption bands are assigned to 2e ? 6sa 1 Rydberg transitions. These transitions are also observed in CH 3 Cl [17] and in CH 3 Br [20] . Several of their characteristics show a continuous evolution along the halogen series: (i) the intensity of these transitions with respect to the first 2e ? npa 1 is weak in CH 3 Cl (about 8%), strong in CH 3 Br (about 32%) and the strongest in the CH 3 I spectrum (about 130%) and (ii) the width of the bands decreases drastically from CH 3 Cl to CH 3 Br and CH 3 I where the bands are atomic-line shaped. These observations are valid for both the 2e ? ( 2 E 3/2 )6sa 1 and 2e ? ( 2 E 1/2 )6sa 1 transitions.
Consequently, there is no correlation between the projection of the total angular momentum and the intensity or bandwidth. However, they seem both to be related to the halogen atomic number: the higher the Z of the halogen, the stronger the transition and the narrower the bands. A fairly constant value of the average quantum defect d[( 12 is observed. For the latter series this parameter tends to increase for high-n values: for the last members with high-n small term values become inaccurate and so does the quantum defect.
As shown in Table 2 , the assignments listed in this work for the first five members of the ns-series and those proposed by Hochmann et al. [5] and Eden et al. [11] agree very well. For the higher members (n > 10) only the energy levels could be compared to the results of the work of Baig et al. [9] . It has to be reminded that the values listed in column 6 of Table 2 result from the procedure described in Section 2.2. The very good parallelism between the readings from those spectra and the energy levels measured in the present work doesn't imply the same assignments by these authors [9] . The assignments proposed in our work are inserted in Fig. 3 .
To confirm these assignments, the close correlation between the term values measured in CH 3 I and those observed in the corresponding rare gas will be examined. This comparison was successfully used in the interpretation of the CH 3 Br absorption spectrum [21] and by Baig et al. [9] for the ns-and nd-series assignments in CH 3 I. Fig. 9a shows the ln[T n ]-versus-ln[n] diagram for both 2e ? ( 2 E 3/2 )nsa 1 and 2e ? ( 2 E 1/2 )nsa 1 in CH 3 I and for the 5p ? ( 2 P 3/2 )ns and 5p ? ( 2 P 1/2 )ns in the Xe atom [32] . Over the whole range of n values [n = 6-27 (28) ] the data overlap. Furthermore, no difference is observed between the two transition types (X = 3/2 or 1/2) in neither CH 3 I nor Xe.
Contrary to the observation made in the photoabsorption spectra of CH 3 Cl [18] and of CH 3 Br [21] the 2e ? npa 1 no longer dominates the spectrum (see Fig. 2 ) as it has already been pointed out by Dagata et al. [10] . For the 2e ? npa 1 Rydberg transitions, Table 2 shows a fairly constant quantum defect particularly for the first 10-13 terms of these series. An averaged quantum defect d = 3.54 ± 0.06 for the 2e ? ( 2 E 3/2 )npa 1 and d = 3.51 ± 0.09 for the 2e ? ( 2 E 1/2 )npa 1 are calculated. Within experimental error no difference could be noticed between these two series. Fig. 9b shows the ln[T n ]-versus-ln[n] diagram related to the 2e ? npa 1 transitions in CH 3 I and Xe. Up to n = 23 the four data series fully overlap. Only for higher n > 23 the two transition series 2e ? ( 2 E 3/2 )npa 1 and 2e ? ( 2 E 1/2 )npa 1 seem to diverge slightly.
However, due to the non-spherical character of the molecular field, the three p-orbitals are split into one a 1 and one doubly degenerate e orbital. These orbitals are, respectively, aligned along and perpendicularly to the C 3v axis of the molecule. This fact has already been mentioned earlier [18, 21] : Rydberg transitions corresponding to 2e ? npa 1 and 2e ? npe have been highlighted in the photoabsorption spectra of CH 3 Cl [18] and CH 3 Br [21] . The splitting between the 3pa 1 and the 3pe-orbitals is 393 meV (3170 cm À1 ) in CH 3 Cl [18] and 156 meV (1258 cm À1 ) in CH 3 Br [21] . To find out whether 2e ? npe transitions are present or not, we carefully analyzed the transition intensities and the vibrational structure in the vicinity of the 6pa 1 band. The photoabsorption spectra of CD 3 I and CH 2 DI were investigated in the same energy range. As observed in all our previous studies [18, 19, 21, 22] electronic transition energies are ''blue-shifted" whereas vibrational transition energies are ''red-shifted" by isotopic substitution.
Around 7.3-7.4 eV the spectrum of CH 3 I shows four peaks at 7.309 eV, 7.362 eV, 7.387 eV and 7.409 eV successively. The first band is assigned to the 2e ? ( 2 E 3/2 )6pa 1 transition, the second and fourth well-resolved structures are weak and broad whereas at 7.387 eV a strong and sharp band shows up (see Fig. 2 ). The corresponding energy range has been examined in CH 2 DI and in CD 3 I where the same sharp and strong band is measured at 7.398 eV and 7.401 eV, respectively. As shown in Tables 3 and 4 the 2e ? 6pa 1 transition in CH 2 DI and CD 3 I has been assigned to the ) in CD 3 I. This is observed for all the other vibrationless Rydberg transitions (see Tables 3 and 4). The weaker and broader structures represent vibrational structure and the associated wavenumbers are redshifted upon isotopic substitution. This analysis will be the subject of a forthcoming paper [24] .
This value of the npa 1 -npe splitting in CH 3 I has to be compared with the values mentioned above for CH 3 Cl and CH 3 Br. One observes a drastic decrease of the splitting with increasing the halogen atomic number. For this splitting the ''quasi-united atom" model for the CH 3 X Rydberg molecule becomes a better representation, the higher the Z of the halogen atom. Ultimately, the pa 1 -and pe-orbitals become degenerate as in the Xe atom. This remark remains valid for the ( 2 E 1/2 )npe Rydberg series. The energy levels of the successive Rydberg 2e ? npe transitions are listed in Table 2 and represented in Figs. 2 and 3 . Averaging the quantum defect d over all the n values, d = 3.51 ± 0.06 and d = 3.53 ± 0.05 are deduced. These are very close to those obtained for both 2e ? npa 1 Rydberg series, i.e., 3.54 ± 0.06 and 3.51 ± 0.09. This observation fits in a trend already mentioned for the 2e ? npe transitions in CH 3 Cl and CH 3 Br. In the former case d = 0.67 and 0.43 [18] whereas in the latter d = 0.58 and 0.54 [21] were obtained. This result pinpoints the conclusion drawn above about the ''quasi-united atomic" behaviour of the Rydberg states in CH 3 I.
Only one literature value is available for this series [5] (see column 4, Table 2 ): both 59 489 cm À1 (7.376 eV) and 64 475 cm À1 bands were originally assigned to 2e ? nd transitions. Effective quantum numbers n * = 2.51 and 2.50 were deduced [5] . These two values are compared to the results of the present work. The agreement is fairly good as being within the scattering limits of ±60 cm À1 noticed earlier. However, the effective quantum number n * = 2.513 would lead us to classify this transition as ptype rather than d-type transition. This proposal would agree with the classification reported by Price [3] who let the d-series start at 74 590 cm À1 . For the higher members of these Rydberg transitions, comparable energy levels have been read in the spectrum published by Baig et al. [9] . A few of them were assigned by the authors to 2e ? ( 2 E 3/ 2 )np transitions (see Fig. 1 in Ref. [9] ) without any other comment or specification. Fig. 9e shows the ln[T n ]-versus-ln[n] diagram related to the 2e ? ( 2 E 3/2 and 2 E 1/2 )npe transitions. As already noticed for the nsa 1 -and npa 1 -series, both npe series overlap. The assignments suggested in this work are included in the spectra reproduced in Fig. 3 . Table 2 further displays the results of the present work and the data listed in Ref. [3] or read from the spectra reported by Ref. [9] in the literature and related to 2e ? nda 1 Rydberg transitions. The energy levels corresponding to these transitions are localized in Fig. 3 . With respect to the former the average scattering is about ). Fig. 9c transitions. The lowest effective quantum numbers are n * = 3.109 and 3.063 and n * = 3.937 and 3.924, respectively. These transitions have all been located in the spectra reproduced in Fig. 3 . These have not been reported earlier.
As shown in Fig. 3 , higher resolution spectra clearly confirm these results. Very sharp transitions start at 8.663 eV (69 872 cm À1 ) and 9.280 eV (74 850 cm À1 ). Averaged quantum defects d = 0.056 ± 0.011 and 0.076 ± 0.033 are derived. Fig. 9d shows how these spectroscopic data on CH 3 I fit to the 5p ? nf (n = 4-9) transitions in Xe. All available data overlap. This result is even more convincing than in CH 3 Br [20] : more data are available for Xe [30] . On the basis of these arguments we would suggest to assign ) (see Table 2 ). Members of these are located and designated in Fig. 3 To find a support to our interpretation of the CH 3 I vacuum UV photoabsorption spectrum we measured the corresponding data for CD 3 Tables 3 and 4. For clarity, the classification of the data listed in these tables is the same as that adopted in Table 2 .
Before any spectral analysis using Rydberg formula (1), the ionization energies of CD 3 I and CH 2 DI are required. This quantity has been measured by photoelectron spectroscopy [31] . The He-I photoelectron spectrum of the first band of CD 3 I has been recorded with 1 meV increments over 1024 channels. A mixture of Ar/Kr/ Xe/Air is introduced simultaneously for the electron energy scale calibration. For CD 3 I the two lowest ionization energies were determined at IE ad (X 2 E 3/2 ) = 9.552 ± 0.005 eV (77 043 ± 40 cm À1 ) and IE ad (X 2 E 1/2 ) = 10.173 ± 0.005 eV (82 051 ± 40 cm
). Using the same technique and procedure IE ad (X 2 E 3/2 ) = 9.544 ± 0.005 eV (76 978 ± 40 cm
) and IE ad (X 2 E 1/2 ) = 10.168 ± 0.005 eV (82 010 ± 40 cm À1 ) are measured in the CH 2 DI He-I photoelectron spectrum. In the literature the only data available for CD 3 I has been obtained by ZEKE-photoelectron spectroscopy [36] : the ionization energies of 76 958 ± 5 cm À1 and 81 996 ± 5 cm À1 are reported. These values are close and inside the error limits. For self-consistency in this work we will use the He-I photoelectron spectroscopic data obtained in our laboratory [31] .
To the best of our knowledge the vacuum UV photoabsorption data are available in the literature neither for CD 3 I nor CH 2 DI in the wavelength region discussed in the present work. The spectroscopic work of Felps et al. [6] dedicated to CD 3 I was restricted to the 170-205 nm (6.0-7.3 eV or 48 780-58 823 cm
) photon wavelength range only. This work was focused on the vibrational analysis of the first two Rydberg states. This same aspect will also be the subject of a forthcoming paper [24] .
By investigating the three isotopomers, an important information is the shape of the spectra showing more clearly several parts or details. This is particularly obvious in the spectra reproduced in Figs. 5 and 7 as compared to Fig. 3 . All these spectra were obtained in approximately the same experimental conditions. These figures show the complexity of the spectrum e.g., in the 8.60-8.70 eV, 9.20-9.40 eV photon energy ranges. Several peaks are split. These details have never been reported earlier.
As compared to the long 2e ? nsa 1 (n = 6-27) Rydberg series in CH 3 I, the corresponding series measured in the deuterated isotopomers CH 2 DI (n = 6-19) and CD 3 I (n = 6-21) are shortened. For most of the transition energies, the ''blue-shift" already mentioned in earlier works [18, 21] has to be noticed and follows the E Ryd (CH 3 I) < E Ryd (CH 2 DI) < E Ryd (CD 3 I) ranking. The same trend is observed for IE ad of the corresponding molecules measured by HeI-PES. As expected, most of the calculated effective quantum numbers are equal within a few thousandths for many cases. Calculating the averaged quantum defects over all transitions in both the 2e ? nsa 1 Felps et al. [6] [6] whereas in the present work (see Table 2 ) they are measured at 49 760 ± 20 cm À1 and 54 676 ± 20 cm
. The extent of the discrepancy between the data for CD 3 I is unusual and no obvious explanation is at hand.
As already shown in the vacuum UV spectrum of CH 3 I both the 2e ? ( are optically active. Upon increasing the principal quantum number n, K decreases so that the K/A ratio is n-dependent. In the case of CH 3 Cl a progressive transition from Hund's case (a) (K ) A) to Hund's case (c) (K ( A) is clearly identified [18] .
Simple Rydberg state energy expressions taking into account both the exchange and SO couplings can easily be found [37, 18, 21] . They are valid for both the (a) and (c) limiting Hund's cases as well as for the intermediate K/A range.
We fitted the energies of all observed Rydberg series in CH 3 I, CH 2 DI and CD 3 I by these above mentioned formula assuming the SO constant A equal to half the 2 E 3/2 -2 E 1/2 splitting, i.e., 0.312 eV for CH 3 I, 0.312 eV for CH 2 DI and 0.311 eV for CD 3 I. As shown in Table 5 , the main result is that for each Rydberg series both sets of Rydberg states corresponding to a given ' and a given symmetry can be fitted in the whole n range investigated using a single value of the quantum defect, i.e., d 0 = d 00 = d within experimental uncertainties. This is equivalent to the use of the simple Rydberg formula (see Section 4.2) which is valid in the Hund's case (c) scheme. This result is obtained for all Rydberg series except for npa 1 . However, even in this case, the K constant for n = 3 of about 0.1 eV is only one third of the SO constant A. For all other series the K/A ratio is too small to be extracted with accuracy from the available experimental data.
As already mentioned earlier [18] the intensity ratio of the transitions to the two X = 1 states is governed by the K/A ratio. As the Rydberg transitions start from the groundX 1 A 1 state of the neutral, the transition to the 3 E is forbidden for K ) A whereas for K ( A the intensity ratio is expected to be equal to 1. Whereas this rule is not strictly observed in CH 3 Cl and CH 3 Br, the latter strictly applies in CH 3 I.
It should be mentioned here that for high-n Rydberg states, an additional change of coupling scheme is expected. When n increases, the coupling with the rotational angular momentumR may overtake the electron exchange interaction. The coupling scheme corresponding to Hund's case (e) is then expected [37] :' ands are first coupled and the resultingj a vector is then coupled toR. This Hund's case (c) to (e) transition involves both ' and suncoupling operators and results in a mixing of, e.g., e 3 npa 1 and e 3 npe states [37] [38] [39] . However, the detection of this change of coupling would require rotationally resolved spectroscopic data. At the present stage we cannot decide to what extent this transition takes place in CH 3 I.
Conclusions
The vacuum UV photoabsorption spectra of CH 3 I, CH 2 DI and CD 3 I have been examined in detail at medium resolution between 6 eV and 20 eV photon energy. Very weak diffuse bands are observed in the 10-20 eV photon energy range and are assigned to Rydberg transitions from the 3a 1 , 1e and 2a 1 orbitals.
The 6.0-10.5 eV photon energy range has been investigated at high resolution. The numerous observed lines are assigned to two groups of Rydberg series converging, respectively, to the two components of the spin-orbit splitX ( 2 E 3/2 -2 E 1/2 ) ground state of the corresponding molecular ions. In these two groups the lines have been classified into six Rydberg series on the basis of their quantum defect d, i.e., nsa 1 , npa 1 , npe, nda 1 , nde and nf series. An overview of the experimental results, the classification and assignments as proposed in the present work has been displayed in Fig. 10 together with atomic spectroscopic data related to Xe.
Contrary to CH 3 Cl [18] and CH 3 Br [21] , for both groups transitions in CH 3 I and its isotopomers, the simple Rydberg formula (1) is able to account for nearly all observed Rydberg transition energies, even when the combined effects of exchange interaction and spin-orbit splitting are included. This means that already the lowest Rydberg states may be described by the Hund's case (c) scheme.
A transition to Hund's case (e) at high-n values can certainly not be excluded, but its detection requires rotationally resolved data which are lacking at this stage. Highly resolved data from laser spectroscopy are needed to make further progress in the complex spectroscopy of this molecule. A spectroscopic analysis in the framework of a multichannel quantum defect approach could then be possibly performed. 
